We report a new full-dimensional potential energy surface ͑PES͒ for the water dimer, based on fitting energies at roughly 30 000 configurations obtained with the coupled-cluster single and double, and perturbative treatment of triple excitations method using an augmented, correlation consistent, polarized triple zeta basis set. A global dipole moment surface based on Møller-Plesset perturbation theory results at these configurations is also reported. The PES is used in rigorous quantum calculations of intermolecular vibrational frequencies, tunneling splittings, and rotational constants for ͑H 2 O͒ 2 and ͑D 2 O͒ 2 , using the rigid monomer approximation. Agreement with experiment is excellent and is at the highest level reported to date. The validity of this approximation is examined by comparing tunneling barriers within that model with those from fully relaxed calculations.
I. INTRODUCTION
The water dimer is of central importance as a key building block for models of liquid water and ice. In its own right it is of fundamental interest as it exhibits large-amplitude, internal hydrogen bond rearrangements. High-resolution microwave and far-infrared spectroscopy has determined the tunneling splittings associated with these rearrangements. [1] [2] [3] [4] [5] [6] [7] [8] [9] These provide vital and challenging data for theorists to understand and reproduce with high-quality potentials for the dimer and realistic quantum calculations of the tunneling using such potentials. There has been great progress in realizing this goal recently. 10 Here, we report additional and significant progress in this effort.
Previously, three of us ͑X.H., B.B., and J.B.͒ reported a full-dimensional global potential energy surface ͑PES͒ for ͑H 2 O͒ 2 based on roughly 20 000 ab initio energies using the CCSD͑T͒ method with an aug-cc-pVTZ basis. 11 The properties of this PES were extensively reviewed and shown to be quite accurate compared to previous ab initio calculations done at all known stationary points. Here, we report a new potential energy surface and dipole moment surface ͑DMS͒ that is based on an additional 10 000 configurations which significantly improve the accuracy of the previous PES at energies below 10 000 cm −1 above the global minimum. We label this new potential as "HBB" where "HBB" refers to three of the authors, Huang, Braams, and Bowman, and the previous one as "HBB0." The potential ͑like the previous one͒ is manifestly invariant with respect to all permutations of like nuclei. The properties of this new PES and DMS are presented. The PES is used in six-dimensional ͑6D͒, rigid monomer calculations of the vibration-rotation-tunneling ͑VRT͒ levels of ͑H 2 O͒ 2 and ͑D 2 O͒ 2 using the code developed by Groenenboom et al. 12 The VRT levels are compared to results from high-resolution teraherz spectroscopy, and excellent agreement is found.
The paper is organized as follows. The construction and properties of the new HBB PES are presented in the next section, followed by a brief description of the methods used to calculate the low-lying VRT states of ͑H 2 O͒ 2 and ͑D 2 O͒ 2 in Sec. III. The results of those calculations using the HBB PES are discussed and compared with experiment in the second part of that section. The discussion includes some comments on the possible effects of nonrigidity. A brief summary and conclusions are given in Sec. IV.
II. AB INITIO POTENTIAL ENERGY SURFACE
The HBB PES is a fit to roughly 30 000 ab initio energies obtained with the coupled-cluster method including singles and doubles and a perturbative correction for triples ͓CCSD͑T͔͒ using an aug-cc-pVTZ basis as implemented in MOLPRO. 13 Of these 30 000 energies roughly 20 000 were used in our previous HBB0 PES. 11 The distribution of those 20 000 energies was described in detail previously. In brief fourteen OO distances were selected from 4 to 100 bohrs, with eight distances between 4 and 6 bohrs, four between 8 and 15 bohrs, and finally one at 50 bohrs and one at 100 bohrs. At each OO distance, between 300 and 2000 monomer geometries were selected for a total of 15 000 configurations. Roughly 3000 additional data points were generated at configurations where the energy is less than 2000 cm −1 ͑relative to the minimum on the fit͒ and then 1800 additional energies were done to yield a PES that gave a stable quantum diffusion Monte Carlo ͑DMC͒ zero-point energy ͑ZPE͒ in full dimensionality. The final data set for this previous PES consisted of 19 805 energies.
In the present work an additional 10 227 configurations were incorporated to improve the description of the potential at energies below 10 000 cm −1 . These additional energies were selected from a large set of geometries generated in vibrational configuration interaction and DMC calculations. The distribution of these energies is nearly uniform in the range of 0 -10 000 cm −1 . As in the previous work, the standard counterpoise correction was applied to approximately correct the basis-set-superposition error, even though the correction is relatively small, i.e., of the order of 10-60 cm −1 . Of the 30 082 configurations 5235 are below 2000 cm −1 and 19 754 are below 10 000 cm −1 . The ab initio energies were fit using linear least squares in terms of a special set of polynomials as described previously and in detail in our application to the PES for the protonated water dimer, H + ͑H 2 O͒ 2 . 14 In brief the fit is performed in terms of the 15 variables x ij = e −r ij /3 for the main polynomial, denoted by p, and y ij = e −r ij / r ij for the two-body short-range polynomial, denoted by q, and where r ij is the ijth internuclear distance. The polynomial p is of total degree 7 and q is a quartic. The polynomial p is expanded on a basis in which each element is invariant under the complete permutation symmetry group of the molecule. The basis is truncated at total degree 7 and is complete for polynomials up to that total degree. The expansion coefficients are determined by a weighted least squares fit to the ab initio data, and the weight of a data point with energy E relative to the global minimum was ͑E 0 / ͑E 0 + E͒͒ 2 with E 0 set to 0.01 hartree. In total, there are 5227 terms in the expression for the PES.
The fitted potential energy surface describes dissociation to two monomers and does so with full permutational symmetry. The energies of interest in the present study are much below what is required for dissociation of a H 2 O monomer or for hydrogen exchange between the two monomers. Nevertheless, the complete permutational symmetry is a correct property of the physical potential, and by building this property into the basis we achieve a significant economy in the size of the basis.
The fitting rms error as a function of the energy cutoff is shown in Fig. 1 16 The zero-point averaged structure of ͑H 2 O͒ 2 is as follows: r OO = 3.03Ϯ 0.02 Å, the bridging r OH of the donor is 0.990 Å, the donor free r OH is 0.985 Å, the acceptor r OH is 0.987 Å, and the ЄHOH = 104.0°. A discussion of previous calculations of the dissociation properties of ͑H 2 O͒ 2 was given in Ref. 11 and so is not repeated here.
As the 6D exact quantum computations were run with water monomer geometries fixed at the isolated monomer equilibrium geometry it is of interest to compare the geom- etries and energies of the fully relaxed barriers with rigid monomer barriers, obtained with constrained optimizations. These are given in Table III where it is seen that the rigid monomer barriers agree very well with the fully relaxed ones. We will discuss the small differences in more detail after the results of the tunneling splitting calculations are presented in the next section.
Finally, we note that the permutationally invariant dipole moment surface reported previously has been updated using the larger data set MP2/aug-cc-pVTZ dipole values. As previously, the new DMS dissociates correctly to the monomer DMS. Total fitting rms errors along x-, y-, and z-dipole components are 0.016, 0.009, and 0.009 a.u., respectively. The error along the x direction is bigger just because we have aligned the O-O axis along the x axis. Comparing to the previous DMS, the fitting accuracy is improved by 20%. Dipole moments on ten characteristic SP structures have been checked ͑see Table I͒ . Changes of dipole moments on ten SPs are only 0.0-0.1%, compared with those reported previously. 11 The values of the MP2-based DMS at the ͑H 2 O͒ 2 global minimum and the H 2 O monomer equilibrium geometry are 1.02 and 0.729 a.u., respectively, slightly smaller than the benchmark values of 1.06 and 0.757 a.u. of Tschumper et al. 15 To obtain the vibrationally averaged dipole moment rigorously is nontrivial. We have estimated this based on a DMC calculation and obtain 1.07 a.u. with an uncertainly of roughly Ϯ0.01 a.u.
III. VIBRATION-ROTATION TUNNELING SPECTRUM OF THE WATER DIMER
Without breaking any of the chemical bonds, the water dimer has access to eight equally deep minima in the global potential energy surface that correspond to eight equivalent equilibrium structures related by interchanging identical nuclei. These interchange operations are called "feasible" because they become possible by quantum mechanical tunneling through the energy barriers between the equivalent minima, which leads to observable splittings in the spectrum. Combined with inversion, they generate the permutationinversion ͑PI͒ symmetry group G 16 of the water dimer. The VRT levels of this dimer, split by tunneling, are commonly labeled with the irreducible representations ͑irreps͒
, and E Ϯ of G 16 . Our computation of these VRT levels of the water dimer involves a fully coupled treatment in all six intermolecular degrees of freedom, similar to a coupledchannel scattering calculation. 12 The monomers are frozen at their calculated isolated molecule equilibrium geometry. It was demonstrated in several papers that the resulting water dimer VRT levels, through a comparison with the high accuracy experimental data available, 1-9 provide an extremely sensitive test of water pair potentials. Here, we apply this test to the ab initio HBB potential described in this paper, as well as to its predecessor HBB0.
11
The formalism is explained in detail in Ref. 12 VRT levels were sufficiently well converged at these values to reliably extract even the smallest tunneling splittings. Symmetric rotor functions D MK ͑J͒* were also used for the overall rotation of the complex with quantum numbers J, the total angular momentum of the complex, M, the projection of this angular momentum on a space-fixed axis, and K, the projection on the dimer z axis. The latter axis coincides with the vector R that points from the center of mass of monomer A to that of monomer B. The quantum numbers J and M are exact quantum numbers. Also, K becomes a good quantum number because we neglected the off-diagonal Coriolis coupling between the internal angular momenta j A , j B and the overall angular momentum J; this coupling leads only to a minute asymmetry doubling of the water dimer levels. For the radial coordinate R, the length of the vector R, we used a discrete variable representation ͑DVR͒ with three contracted DVR functions obtained by using a one-dimensional radial cut through the equilibrium geometry in the six-dimensional potential surface, see Ref. 12 . It was checked 17 that this radial basis, although small, gives well converged results. The adaptation of the basis to the different irreps of the PI group G 16 considerably simplifies the calculations.
The quantities that we use to characterize the spectra are the same as used by the experimentalists and are defined in Refs. 6-9. For K = 0, the origins o 1 
The largest tunneling splitting, denoted by a͑K͒, is the so-called acceptor splitting, which is strongly K dependent. It is caused by an interchange of the two hydrogen atoms of the hydrogen bond acceptor monomer. The two corresponding minima in the potential surface are separated by the lowest energy barrier in the potential surface, saddle point SP2 in Tables I-III . The splitting a͑K͒ can be extracted from the ͑calculated or measured͒ spectra as the energy difference between the origins o 2 and o 1 . The interchange splittings, denoted by i 1 and i 2 , correspond to the interchange of the donor and acceptor molecules. The barrier that separates the two corresponding minima in the potential surface is saddle point SP4 in Tables I-III . These tunneling splittings can be extracted from the spectra as well: i 1 is the difference between the B 1 Ϯ and A 1 Ϯ levels and i 2 is the difference between the B 2 ϯ and A 2 ϯ levels. The E Ϯ levels that are slightly shifted with CsMin  123  137  142  177  344  600  1646  1665  3736  3806  3892  3912  SP2  91i  125  160  166  378  493  1647  1671  3747  3808  3896  3914  SP3  153i  76i  110  161  353  437  1644  1669  3762  3815  3898  3924  SP4  128i  113  148  184  356  549  1640  1647  3784  3795  3902  3905  SP5  120i  58  99  159  325  482  1634  1657  3795  3795  3909  3912  SP6  131i  81i  76i  154  366  386  1634  1655  3798  3803  3913  3921  SP7  203i  62i  131  159  267  412  1638  1654  3803  3817  3908  3914  SP8  227i  162i  125i  80  247  358  1652  1653  3805  3812  3904  3910  SP9  220i  50  121  159  203  417  1638  1659  3804  3821  3904  3916  SP10  238i  178i  87  96  162  327  1642  1660  3802  3828  3913  3918   TABLE III . Rigid monomer ͑RM͒ energy and barrier heights and intermonomer geometry ͑Å, deg͒ of ten stationary points found on the HBB potential. Fully relaxed barriers from Table I Figs. 4 and 5, respectively. An overview of the quality of the VRT levels from the HBB0 and HBB potentials, relative to the experimental data, is given in Table VI . We may conclude that, for both potentials, the agreement with the experimental data is very good, and also that the HBB potential is still a substantial improvement over HBB0. The only quantity that is not well represented by both potentials is the acceptor splitting a 0 + a 1 . Calculations on the effects of monomer flexibility [18] [19] [20] have shown that this quantity a͑0͒ + a͑1͒ decreases when the H 2 O monomers are relaxed. It is striking in this respect, see Table VI , that the other pure ab initio potential that gives very good agreement with the experimental data, the 6D CC-pol potential, 10, 17, 21 gives practically the same deviation from experiment for a͑0͒ + a͑1͒ as the HBB0 and HBB potentials. It is most probable that all of these potentials have reached the "rigid monomer limit" of the acceptor splitting. The other quantities appear to be much less sensitive to making the monomers flexible and their agreement with experiment is about equally good for all of the three potentials. There is one property for which the HBB potential performs by far the best: the interchange splittings i 1 and i 2 . We discuss this point in more detail below.
For comparison, we also included in Table VI another recent ab initio potential, the TTM2.1 potential. 22 The VRT levels from this 12D potential, applied in 6D calculations with rigid monomers at their equilibrium geometry just as for the HBB potential, deviate much more from the experimental data than for the CC-pol, HBB0, and HBB potentials. Furthermore, we show results from the best of the family of 6D VRT͑ASP-W͒ potentials, the VRT͑ASP-W͒III potential. 23 These potentials are based on ab initio calculations, while a number of the parameters in the analytic representation of the ab initio points were reoptimized by a fit of the VRT levels calculated for the D 2 O dimer to the experimental data. It is remarkable that the best pure ab initio potentials to date, the HBB and CC-pol potentials, give results in better agreement with the experimental data than the VRT͑ASP-W͒III potential that was fitted to this data. Except for the acceptor splitting, of course, which-for the reason given in the previous paragraph-has not much to do with the quality of the potential, but rather with the fact that the monomers were frozen. We did not include the earlier ab initio potentials in our comparison, nor did we list any results obtained from the multitude of empirical potentials developed for simulations of liquid water. From such comparisons, discussed in Refs. 10, 17, and 21, it becomes clear that the empirical liquid water potentials are not at all capable of producing a water dimer VRT spectrum of reasonable quality. This is mostly because they are "effective" pair potentials that account implicitly for the important many-body forces in liquid water and ice. Furthermore, one can say that the accuracy of the older ab initio potentials is of a much lower level than that of the HBB0, HBB, and CC-pol potentials. Somewhat of an exception are the SAPT-5s ͑Ref. 24͒ and SDFT ͑Ref. 25͒ 
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potentials, but even they are not of the same class as the HBB0, HBB, and CC-pol potentials. Finally, let us discuss the amazingly good quality of the interchange splittings i 1 and i 2 obtained from the HBB potential. The donor-acceptor interchange process in the water dimer is hindered by a barrier in the potential surface that corresponds to saddle point SP4, see Tables I-III . The extremely good agreement with experiment for i 1 and i 2 indicates that the HBB potential describes this barrier very accurately. We may compare it to the CC-pol potential, which apart from i 1 and i 2 , gives VRT levels of about the same quality as HBB. In the analytic representation of the CC-pol potential, special attention was given to obtaining the correct long range behavior, while its analytic form was chosen such that it is not too expensive in molecular dynamics calculations of liquid water. Both properties are essential for simulations of liquid water, but as a result of the latter property, the number of fit parameters was kept rather limited and the numerical accuracy of the fit is definitely lower than for the fit of HBB0 and HBB. Other aspects are important as well, though. Since the monomers were frozen in the 6D calculation of the dimer VRT levels, one may wonder what is the effect of relaxing the monomer geometries on the barriers through which the various tunneling processes occur. First, there is a direct effect: the barrier heights in the full 12D potential surface are not the same as in the 6D rigid mono- Table III , that this effect is a minor one because the global minimum in the potential surface ͑or rather, the eight equivalent minima͒ is ͑are͒ lowered by relaxing the monomer geometries by about the same amount as the saddle points SP2 and SP4. A more important effect originates from the intramolecular vibrations. From harmonic calculations, see Table II , it is estimated that the SP2 barrier is effectively raised from 161.4 to 174.6 cm −1 , i.e., by 8%, by adding the monomer ZPEs calculated at the SP2 saddle point and at the minimum. This rise of the SP2 barrier partly explains why the acceptor tunneling splittings a͑K͒ will decrease when the monomers are made flexible. However, it should be mentioned that it is not just the height of the barrier that is important, also its shape and the amount of coupling between the different degrees of freedom are both important factors. For the SP4 barrier relevant for interchange tunneling, the effect of adding the monomer ZPE is considerably smaller: the harmonic estimate gives an increase of the barrier from 244.0 to 251.4 cm −1 , i.e., by 3%. Given that this effect is not completely negligible, however, it is remarkable that the HBB potential gives such accurate values of i 1 and i 2 in 6D rigid monomer calculations. Since the agreement with experiment is equally good for ͑H 2 O͒ 2 and ͑D 2 O͒ 2 , it seems that the monomer vibrations do not play a role in the interchange tunneling splittings.
IV. SUMMARY AND CONCLUSIONS
We presented a full-dimensional global potential energy surface for the water dimer based on fitting roughly 30 000 electronic energies. These were obtained using the CCSD͑T͒ method with an aug-cc-pVTZ basis. A corresponding dipole moment surface was also reported at the MP2 level of theory. These surfaces are both manifestly invariant with respect to all permutations of like atoms and both dissociate correctly to the monomer limit. Properties of these surfaces, especially the PES, were presented. Barriers to internal hydrogen bond rearrangements were presented for the fully relaxed potential and for the rigid monomer 6D case and found to be quite similar. This provides additional confidence in the reality of rigorous quantum calculations of intermolecular vibrational energies, tunneling splittings, and rotation constants done in the rigid monomer model, which were reported using this new PES, as well as with a previously published potential. Agreement with experiment obtained using the new PES was shown to be excellent and of the highest level reported to date. The remaining differences, in particular for the acceptor tunneling splitting, are ascribed mainly to the rigid monomer approximation made in the calculation of the water dimer VRT states, rather than to deficiencies in the PES. Additional calculations of the intramolecular vibrational energies and IR spectrum are underway 26 and work to build a model for water based on this PES is being planned. ACKNOWLEDGMENTS B.J.B. would like to thank the ONR ͑N00014-05-1-0460͒, J.M.B. would like to thank the NSF ͑CHE-0446527͒, R.E.A.K. and J.T. would like to thank the NERC and EPSRC through the CAVIAR consortium for funding.
